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ABSTRACT
X-ray emitting atmospheres of non-rotating early-type galaxies and their connection
to central active galactic nuclei have been thoroughly studied over the years. How-
ever, in systems with significant angular momentum, processes of heating and cooling
are likely to proceed differently. We present an analysis of the hot atmospheres of six
lenticulars and a spiral galaxy to study the effects of angular momentum on the hot
gas properties. We find an alignment between the hot gas and the stellar distribution,
with the ellipticity of the X-ray emission generally lower than that of the optical stellar
emission, consistent with theoretical predictions for rotationally-supported hot atmo-
spheres. The entropy profiles of NGC 4382 and the massive spiral galaxy NGC 1961
are significantly shallower than the entropy distribution in other galaxies, suggesting
the presence of strong heating (via outflows or compressional) in the central regions of
these systems. Finally, we investigate the thermal (in)stability of the hot atmospheres
via criteria such as the TI- and C-ratio, and discuss the possibility that the discs of
cold gas present in these objects have condensed out of the hot atmospheres.
Key words: galaxies: active – galaxies: elliptical and lenticular, cD – X-rays: galaxies
1 INTRODUCTION
Many massive early-type galaxies are permeated by hot gas,
but its long-lasting presence, the role of the central super-
massive black hole and the relation to colder gas phases have
not been fully understood (for a recent review see Werner
et al. 2019). Effects of significant net angular momentum of
the X-ray atmospheres could be of considerable importance
to the current view, affecting mostly relatively lower-mass
host galaxies (Eskridge et al. 1995; Sarzi et al. 2013; Negri
et al. 2014a,b; Gaspari et al. 2015; DeFelippis et al. 2020).
? E-mail: a.juranova@sron.nl
† Lyman Spitzer Jr. Fellow
So far, most X-ray studies have focused on the hot at-
mospheres permeating massive slow rotating giant ellipti-
cal galaxies. However, around 80 per cent of the 260 early
type galaxies in the ATLAS3D sample are regular rotators
(Krajnovic´ et al. 2011), which often have flattened discy
morphologies. Interestingly, observations revealed that the
X-ray luminosity, LX, of an early-type galaxy is related to
its morphology, determined by its distribution of stars. De-
rived ratios of LX/LB (to reduce the dependence on stellar
mass) for ‘pure’ ellipticals were found to be systematically
higher than those of ‘discy’ ellipticals and lenticulars (Es-
kridge et al. 1995; Sarzi et al. 2013).
The flattened shape of the gravitational potential and
rotational support, which has been confirmed for flattened
© 2020 The Authors
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early-type galaxies (Emsellem et al. 2011), should allow eas-
ier development of outflows. Furthermore, it has been shown
by Pellegrini (2012) that in low-mass systems, the energy in-
jection through supernovae can become dominant and thus
have a significant effect on the properties of their X-ray
haloes (see also e.g. David et al. 1990; Mathews & Brighenti
2003).
According to both observations and theoretical pre-
dictions, cool and cold gas in brightest cluster galaxies is
thought to be a product of cooling from the hot intraclus-
ter medium (e.g. Johnstone et al. 1987; Heckman et al. 1989;
Bridges & Irwin 1998; Conselice et al. 2001; McDonald et al.
2011; Gaspari et al. 2020, for a recent review) and partly a
product of stellar mass loss (Voit & Donahue 2011). About
half of the nearby X-ray bright giant elliptical galaxies con-
tain Hα+[NII] emitting gas that most likely cooled from the
hot X-ray atmospheres (Lakhchaura et al. 2018). Recent sur-
veys focusing on CO emission in early-type galaxies (Combes
et al. 2007; Davis et al. 2019; Young et al. 2011) found
the presence of molecular gas in approximately 25 per cent
of studied objects. For the ATLAS3D sample, Young et al.
(2011) found no correlation of the molecular gas mass with
stellar (K-band) luminosity, which implies that the molecu-
lar gas does not originate purely in stellar mass loss. Babyk
et al. (2019) found a correlation between the mass of the
X-ray atmosphere and molecular hydrogen content. Molecu-
lar hydrogen was reported in systems with cooling times as
short as 109 yr (e.g. Temi et al. 2018), indicating the condi-
tions are right for condensation of cool, dense gas from hot
atmospheres.
Hydrodynamic simulations of rotationally supported
systems predict that cooling from the hot phase should lead
to the formation of multiphase discs (Gaspari et al. 2015).
Recent XMM-Newton observations of the rotating lenticular
galaxy, NGC 7049, support this proposition. In the other-
wise isothermal gas, spectral signatures of ongoing cooling
were detected in a region co-spatial with the plane of rota-
tion of the galaxy as well as a multiphase disc ranging from
warm gas to a cold molecular phase (Jura´nˇova´ et al. 2019).
Here, we focus on the properties of a sample of hot at-
mospheres permeating six rotationally-supported lenticular
galaxies and a massive spiral galaxy and compare our find-
ings with non-rotating systems. The paper is structured as
follows. In Sect. 2, we present the selected objects and de-
scribe the analysis of the XMM-Newton EPIC observations
used. The main results are shown in Sect. 3, specifically fo-
cusing on the morphology of the hot gas (3.1) and its ther-
modynamic properties (3.2), and we address the thermal
stability of the hot atmospheres (3.3). In Sect. 4, we discuss
our findings and present our conclusions in Sect. 5.
2 THE SAMPLE AND DATA REDUCTION
2.1 The sample
To study the properties of the hot gas in rotating galaxies,
we searched the volume-limited ATLAS3D sample (Cappel-
lari et al. 2011) for systems where the 2D maps of line-of-
sight stellar velocities indicate ordered rotation (classified as
‘regular rotators’ in Krajnovic´ et al. 2011) and the XMM-
Newton archive contains sufficient data to determine the gas
density and temperature in at least three concentric annular
regions. All objects selected in our sample have the ratio of
rotational velocity to velocity dispersion greater than 1/3
(see Table 1). All galaxies in the ATLAS3D sample are lo-
cated at a distance D < 42 Mpc, which allows us to perform a
spatially resolved analysis of their extended X-ray emitting
atmospheres with XMM-Newton. The sensitivity of XMM-
Newton in the 0.3–2 keV band, where most of the X-rays
emitted by S0 galaxies emerge, makes this satellite uniquely
suited for the study of these systems.
The selection resulted in six S0 galaxies and the X-ray
bright spiral galaxy NGC 1961. Optical images of the whole
sample are shown in Fig. 1. The most important properties
of these galaxies are listed in Tables 1 and 2. Their avail-
able XMM-Newton observations, denoted by observation IDs
(OBSIDs), are listed in Table A1.
2.1.1 NGC 3607
NGC 3607 is an unbarred lenticular galaxy (morphological
type SA0) and the brightest of the 18 member galaxies of the
Leo II group (Giuricin et al. 2000). It has the highest star
formation rate (SFR) in our sample, 0.42 Myr−1 (Amblard
et al. 2014). The presence of a rotating disc of cold molec-
ular gas in NGC 3607 was confirmed from measurements of
CO emission (Alatalo et al. 2013). Chandra X-ray Observa-
tory measurements do not show evidence for an X-ray bright
AGN.
2.1.2 NGC 3665
Another SA0 type galaxy in our sample, NGC 3665, is the
brightest member of a group of 11 galaxies (Makarov &
Karachentsev 2011). Of our sample, it has the highest lu-
minosity emerging as emission features of polycyclic aro-
matic hydrocarbons (PAH; Kokusho et al. 2017), triggered
by absorption of far-ultraviolet light indicating a relatively
high SFR. However, the SFR measured by other methods
(Amblard et al. 2014) in this system is still relatively low,
at ∼ 0.1 M yr−1. A rotating cold molecular disc reaching
out to ∼ 3 kpc from the centre of the galaxy was detected by
Alatalo et al. (2013). NGC 3665 is among our radio brightest
S0s at 1.4 GHz and is the only one in our sample that shows
a pronounced radio activity associated with an AGN. Twin
jets were observed by the Very Large Array (VLA) (Parma
et al. 1986), as well as core radio emission at 5 GHz (Liuzzo
et al. 2009). The mass of the supermassive black hole was
measured by Onishi et al. (2017) to be M• = 5.8 × 108 M.
2.1.3 NGC 4382
This object, also known as M 85, resides in the Virgo cluster.
Its distance to the cluster centre is, however, almost 6 de-
grees, which is well outside the virial radius of Virgo. It is the
only galaxy in our sample, which does not have a disc of cold
gas near its centre. The morphological type of this galaxy is
SA0 and the galaxy also shows shell-like structures. These
features are formed by the stars of smaller infalling galaxies,
due to the combined effects of Liouville’s theorem and phase
wrapping (Quinn 1984). The lack of cold gas is consistent
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with the observed low SFR of 0.002 M yr−1 (Amblard et al.
2014).
Capetti et al. (2009) found that the core of NGC 4382
does not show any radio emission related to a central black
hole. The current scaling M• − L (Kormendy 1993) predict a
black hole mass of M• = 1.7 × 109 M, an estimate recently
published by Graham & Soria (2019), who also identified an
X-ray point source (LX,AGN = 8 × 1038 erg s−1) revealed by
Chandra observations as a counterpart to the central black
hole.
2.1.4 NGC 4459
Another member of the Virgo cluster, NGC 4459, is an un-
barred lenticular galaxy with a dusty disc extending out
to r ∼ 0.7 kpc, with observed blue clumps suggesting the
presence of newborn stars (Ferrarese et al. 2006). Unable to
detect any neutral hydrogen in their observations, Lucero
& Young (2013) provide only an upper limit on its mass,
MHi < 1.7 × 107 M, despite the clear presence of molecular
hydrogen (see Table 2), yielding a ratio MH2/MHi > 21. Far-
and mid-infrared emission of gas was studied in detail by
Young et al. (2009) and led to a detection of 24µm emission
from a disc reaching out to r ∼ 2.6 kpc, which exceeds almost
four times the radius of the dusty structures and thus can-
not be attributed to ongoing star formation. They also find
that NGC 4459 has a so-called FIR-excess, i.e. FIR-to-radio
flux density ratio exceeding a value of 3.04, a rare feature
defined from observations of a large sample of galaxies in
Yun et al. (2001). In the centre of NGC 4459, Gavazzi et al.
(2018) report a detection of Hα emission. An X-ray image
from Chandra revealed a point source identified as the cen-
tral AGN (LX,AGN = 1039 erg s−1; Gallo et al. 2010).
2.1.5 NGC 4526
The only barred lenticular galaxy (SAB) in our sample,
NGC 4526, is also a member of the Virgo Cluster, but again
outside the cluster virial radius. Having two entries in the
New General Catalogue, it is also known as NGC 4560. Here-
after, we will only use the designation NGC 4526 for this ob-
ject, which is also preferred in the scientific community. It
is oriented nearly edge-on and also possesses a dusty disc in
the plane of rotation, spanning over the central r ∼ 1.2 kpc.
The SFR in NGC 4526 is the smallest among galaxies with a
dusty disc in our sample (Amblard et al. 2014) and the PAH
luminosity the second highest, ∼ 17 × 1041 erg s−1 (Kokusho
et al. 2017). As in the case of NGC 4459, Lucero & Young
(2013) did not detect neutral hydrogen and only placed
the upper limit of MH i < 1.9 × 107 M, while the total
mass of H2 was measured well (see Table 2). The lower
limit of their ratio is thus even larger than in NGC 4459:
MH2/MH i > 100. Focusing on the warm gas content, Gavazzi
et al. (2018) found Hα emission with a disc-like morphology
in this galaxy. Davis et al. (2013) measured the mass of the
central supermassive black hole to be M• = 4.5 × 108 M.
2.1.6 NGC 5353
This almost edge-on galaxy is a member of the compact
group, HCG 68, with NGC 5350, NGC 5354 and two more
objects (Hickson 1982), accompanied by another 45 fainter
galaxies and more member candidates (Tully & Trentham
2008). It has an effective radius of only ∼ 3.4 kpc, which is
smaller than any of the other 5 lenticular galaxies in our
study. O’Sullivan et al. (2018) found a CO disc with a ra-
dius of 0.8 kpc accompanied by a dusty disc in the central
r ∼ 0.5 kpc (Goullaud et al. 2018). This object is classi-
fied as a low-ionization nuclear emission-line region (LINER)
galaxy (e.g. Saikia et al. 2018). Sa´nchez-Sutil et al. (2006)
reported an X-ray bright nuclear point source spatially co-
incident with a radio source, which can be associated with
the central AGN.
2.1.7 NGC 1961
This rotation-dominated spiral galaxy is the brightest mem-
ber of a small group of seven galaxies (Tempel et al. 2016)
and it has been classified as a LINER (Carrillo et al. 1999).
Measurements of rotational velocity at distances exceeding
10 kpc from the galaxy centre (Rubin et al. 1979) have re-
vealed that this spiral galaxy is exceptionally massive, and
X-ray observations showing a point source located in the cen-
tre of the galaxy confirm the presence of an AGN (Roberts &
Warwick 2000). The total mass of the galaxy is more than
sufficient to retain its hot gaseous atmosphere, which has
been observed by both Chandra and XMM-Newton (Ander-
son & Bregman 2011; Bogda´n et al. 2013). Bogda´n et al.
(2013) compared available observations of NGC 1961 with
results from numerical simulations finding that the galaxy is
dark matter dominated – baryons contribute only 11 % of the
total mass. In radio observations at 6 and 18 cm presented
in Krips et al. (2007), nuclear emission is accompanied by a
∼ 2σ signal resembling radio jets. Additionally, distorted Hi
morphology revealed that the gas is being stripped by the
surrounding intragroup medium (Shostak et al. 1982).
2.2 Data reduction
The data were reduced with the standard procedures of
the XMM-Newton Science Analysis System version 17.0.0.
Event lists from raw-data files were obtained using tasks em-
chain for EPIC-MOS and epchain for EPIC-pn. For EPIC-
pn, we also created models of events received during read-
out (so-called out-of-time events). For this step, the epchain
task was run for a second time to obtain the out-of-time
(OOT) event list, which was, after proper scaling, subtracted
from the pn events. Parts of the observations are affected by
so called soft-proton flares. To filter out the affected time pe-
riods, we excluded the data where the count rate deviated
from the mean by more than 1.5σ. The total and the fil-
tered net exposure times, ttot and tnet, respectively, are given
in Table A1.
The extraction of images was performed using the ESAS
package (Snowden & Kuntz 2011) in the 0.3–2.0 keV band.
To study the thermodynamic properties of the X-ray
emitting gas, we extracted spectra from several concentric
annuli. If the number of photons was sufficiently high, the
width of the annuli was determined by the angular resolution
of XMM-Newton. For the innermost annuli, the width was
typically 15 arcsec (∼ 1.2× the FWHM of the EPIC-pn or
∼ 3.4× the FWHM of the EPIC-MOS).
MNRAS 000, 1–12 (2020)
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Table 1. Basic observational properties of the studied sample. Distance d is adopted from the ATLAS3D Project and references therein
with the exception of NGC 1961, where the median value of distances from NED was taken, as well as values for redshift (z) in the
second column. Where given, the values of M200 were determined from globular clusters kinematics or the total mass of galaxy’s globular
clusters and published by Kim et al. (2019) except for NGC 1961, where it was determined from the maximal stellar rotation velocity by
Bogda´n et al. (2013). The effective radii Re and stellar velocity dispersions and rotational velocities are adopted from Cappellari et al.
(2011).
object d z scale Re log M200 σv,? vrot,?
NGC Mpc 10−3 arcsec kpc−1 kpc M km s−1 km s−1
3607 22.2 3.14 9.29 4.24 12.85 222.0 ± 4.0 110.0 ± 9.0
3665 33.1 6.90 6.23 3.43 − 215.0 ± 8.5 94.3 ± 21.5
4382 17.9 2.43 11.52 9.93 13.13 68.3 ± 16.5 176.0 ± 3.5
4459 16.1 3.98 12.81 2.82 12.67 75.0 ± 20.0 171.8 ± 4.8
4526 16.4 2.06 12.58 3.66 12.87 150.4 ± 8.6 246.0 ± 6.0
5353 35.2 7.75 5.86 2.58 − 298.0 ± 9.0 284.0 ± 4.8
1961 32.4 13.12 6.37 8.06 13.08 242.0 ± 12.0 326.8 ± 9.5
Table 2. Multi-wavelength properties of the analysed sample. B-band stellar luminosities LB and B−V colour indexes are taken from
HyperLEDA (Makarov et al. 2014), 1.4 GHz radio powers from Brown et al. (2011) and Condon et al. (2002), PAH luminosities from
Kokusho et al. (2017) and Stierwalt et al. (2014) in the case of NGC 1961, masses of molecular hydrogen from Young et al. (2011) and
Combes et al. (2009) for NGC 1961, masses of atomic hydrogen from Young et al. (2014), Haynes et al. (2018) for NGC 4526 and Haan
et al. (2008) for NGC 1961. Star formation rates are taken from Amblard et al. (2014) and Davis (2014).
object LB B−V log Pradio LPAH log MH2 log MHi SFR
NGC 1010 LB, mag W Hz−1 1041 erg s−1 M M M yr−1
3607 3.70 0.93 20.63 7.8 ± 6.2 8.42 < 6.53 0.420
3665 3.37 0.93 22.04 45.1 ± 9.9 8.91 < 7.05 0.109
4382 5.86 0.89 < 19.79 0.3 ± 5.5 < 7.39 < 6.59 0.002
4459 1.45 0.97 < 19.63 7.1 ± 2.9 8.24 < 6.53 0.071
4526 2.42 0.98 20.61 17.1 ± 4.4 8.59 7.15 0.028
5353 3.56 1.03 21.62 2.3 ± 6.7 < 7.44 < 7.07 0.095
1961 22.91 0.86 22.82 37.8 ± 3.1 10.39 10.67 9.24
Typically, X-ray point sources of various origin are pro-
jected onto the extended emission of interest. To avoid their
undesired contribution to the spectra, we encircled the emis-
sion of each point source and excluded the selected events
during the spectral extraction procedure. As none of the X-
ray atmospheres of interest covered the entire field of view,
it was possible to create a spectrum of local background to
be subtracted prior to spectral analysis.
2.3 Spectral analysis
The spectra are fitted in the 0.5 − 5.0 keV range. Events in
the 1.38−1.60 keV range were excluded due to contamination
by instrumental lines (e.g. Carter & Read 2007).
In the following sections, we present results from both
projected and deprojected spectra, focusing primarily on the
latter. For the analysis of projected spectra, we used the
SPEX spectral fitting package (Kaastra et al. 1996) version
3.04.00, which uses an extensive atomic database SPEX-
ACT (version 2.07.00). SPEX allows fitting using the C-
statistic (Cash 1979), defined for Poissonian distribution of
data. This is particularly useful for spectra with a low num-
ber of counts in a large set of bins, because the use of C-
statistic does not require extensive binning. The data were
binned to contain at least one count per bin. The spectra
were deprojected using the so-called Direct X-ray Spectral
Deprojection (DSDEPROJ, Russell et al. 2008). Using this
method, the spectra extracted from individual annuli are
properly subtracted from those lying closer to their com-
mon centre. Unfortunately, the deprojected spectra could
not be fitted using C-statistic, so χ2 minimisation was used
instead. These spectra are binned to at least 25 counts per
bin.
As the X-ray emitting gas can be described as a dilute
plasma in collisional ionization equilibrium (CIE), we used
the corresponding model cie in SPEX. At the energy res-
olution of EPIC, the spectral properties are set mainly by
the gas temperature, emission measure, which translates to
a normalisation of the spectrum, and elemental abundances.
As the latter were not well-constrained by the spectral fits,
we assumed the Solar relative abundances of Lodders et al.
(2009) and fixed the metallicity to 0.5 Z. We note that a
bias in the overall metallicity would affect the derived phys-
ical quantities as follows: a factor of two difference in the
measured and actual metallicity would result in 25 per cent
bias in the gas density, and 17 per cent in the entropy. Slopes
of radial profiles would be altered by less than 10 per cent
in the presence of metallicity gradients (Werner et al. 2012).
The fact that the gas temperature is not constant over
the investigated volume of the atmosphere was accounted
for by the parameter sig in the cie model. When non-zero,
this parameter changes the model from single- to multi-
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Table 3. Total hydrogen column densities taken from Kalberla
et al. (2005).
galaxy NH [1020 cm−2]
NGC 1961 11.7
NGC 3607 1.36
NGC 3665 2.00
NGC 4382 2.54
NGC 4459 2.67
NGC 4526 1.47
NGC 5353 0.954
temperature with a Gaussian distribution and the root-
mean-square width equal to sig. Even though the assump-
tion of a Gaussian temperature distribution does not nec-
essarily reflect the true temperature distribution accurately,
it still serves as a good approximation and adds only one
free parameter to our model. The parameter sig was left
free during fitting when a single-temperature model did not
provide a good fit.
The unresolved population of low-mass X-ray binaries
(LMXBs) was modelled with a power-law component with
spectral index 1.6, in accordance with Irwin et al. (2003).
Most of the atmospheric X-ray emission of galaxies is ob-
served below 2.0 keV, while the more energetic photons pro-
vide a constraint on the LMXB contribution.
The X-ray emission from both the hot gas and the
LMXBs is absorbed by Galactic gas with solar abundances.
For each object, we fix the Galactic absorption column den-
sity to the value determined by the Leiden/Argentine/Bonn
(LAB) Survey of Galactic HI (Table 3; Kalberla et al. 2005).
In the following sections, the results are given with 1σ
error bars.
3 RESULTS
3.1 Imaging analysis
To study the overall morphology of the galactic atmospheres,
we created images in the 0.3−2.0 keV band. The background
subtracted, exposure corrected and adaptively smoothed im-
ages are shown in Fig. 2. The signal is displayed on a log-
arithmic scale so that the hot atmospheres are visible out
to their outskirts. Bright point sources are removed in the
same manner as for the spectral analysis
To determine the flattening of the atmospheres, we used
the CIAO (version 4.12, Fruscione et al. 2006) fitting tool
Sherpa (Refsdal et al. 2009) to fit each galaxy with a 2D β-
model (Cavaliere & Fusco-Femiano 1976, 1978) of the form
I(r) = Ic
[
1 + r2
]−3β/2
, (1)
where
r2 =
(1 − εX)2 x˜2 + y˜2
r20 (1 − εX)2
(2)
NGC 3607 NGC 3665 NGC 4382
NGC 4459 NGC 4526 NGC 5353
NGC 1961
Figure 1. Optical images of the studied sample of S0 galaxies and
NGC 1961. The images are taken from Sloan Digital Sky Survey
(SDSS, data release 7) with the exception of NGC 1961, which is
from Digitized Sky Survey 2. The SDSS images are compositions
of g, r, and i (Smith et al. 2002) imaging data. The solid line in
the lower-left corner of every image represents a scale of 10 kpc.
NGC 3607 NGC 3665 NGC 4382
NGC 4459 NGC 4526 NGC 5353
NGC 1961
Figure 2. Images of X-ray atmospheres of S0 galaxies in our
sample and NGC 1961, all extracted in the energy range 0.3 −
2.0 keV. The images are displayed on log-scale in order to visualize
the full extent of the hot atmospheres, while the most prominent
point sources have been removed. The solid line in the lower-left
corner of every image represents a scale of 10 kpc.
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and
x˜ = (x − xc) cos θ + (y − yc) sin θ,
y˜ = (y − yc) cos θ − (x − xc) sin θ.
(3)
The normalisation Ic, the β parameter, the centre of the
emission [xc, yc], position angle θ, core radius r0, and ellip-
ticity εX were all left free. The X-ray emission was fitted out
to the last annulus presented in this work. Best-fitting values
of the β parameter, r0, εX and position angle PAX = θ + 90◦
are listed in Table 4 along with the ellipticity and position
angle of the stellar component taken from the literature. It
is immediately obvious that the position angles of the X-
ray gas and stellar distributions are generally similar. The
measured ellipticity is on average lower for the X-ray gas
(the mean ratio of the X-ray gas and stellar ellipticity is
εX/ε? = 0.6 ± 0.3) and does not correlate directly with the
ellipticity of the stellar component.
The X-ray morphologies of NGC 3607 and NGC 4459
show the presence of a tail indicating ram-pressure stripping
by the ambient intra-cluster/group medium or an interaction
with a nearby galaxy. An X-ray source seen to the right of
NGC 4459 in Fig. 2 (unrelated emission of a distant galaxy
cluster) has been excluded from the analysis. Regarding past
AGN activity, no prominent features are visible in the diffuse
emission, nor can be identified in available Chandra obser-
vations.
3.2 Thermodynamic properties
3.2.1 Gas mass and temperature
First, we fitted the X-ray emission within 2 − 6 Re for all
galaxies with a single- or multi-temperature model, depend-
ing on the spectrum (see Sect. 2), to obtain the global prop-
erties of the hot gas. The radial extent of the analysed emis-
sion was set by the data quality and the maximal radius cor-
responds to the outer edge of the last annulus presented in
this work (see Table 5). Best-fitting parameters derived from
this fit are listed in Table 5, where the gaussian width of the
temperature distribution of the multi-temperature model is
denoted as σTX and is presented for spectra where this model
provides an improved fit.
We estimated the total gas mass MX of the hot atmo-
sphere by summing the gas masses calculated for each shell
from the particle number densities n derived from the de-
projected spectra.
The summation has been performed out to the last annulus
presented in this work and the resulting masses are given
in Table 5. For the density profiles, see Fig. A1 in the Ap-
pendix.
The best-fitting radial temperature distributions ob-
tained from both projected and deprojected spectra are pre-
sented in Fig. 3. The spiral galaxy is plotted in a lighter
shade of blue to be easily distinguishable from lenticulars.
Monotonically radially decreasing temperature profiles are
present in NGC 4382 and NGC 1961, while clearly outwardly
increasing temperature is only observed in NGC 3607. The
profiles of NGC 3665, 4459 and 4526 do not show any signif-
icant trends and within 3σ uncertainties are close to being
isothermal.
0.2
0.4
0.6
0.8 NGC 3607 NGC 3665 NGC 4382
1 10
0.2
0.4
0.6
0.8 NGC 4459 NGC 4526
1 10
NGC 5353
1 10
0.2
0.4
0.6
0.8 NGC 1961
0.0 0.2 0.4 0.6 0.8 1.0
r [kpc]
0.0
0.2
0.4
0.6
0.8
1.0
k B
T 
[k
eV
]
Figure 3. Radial, azimuthally averaged temperature profiles de-
rived from projected (grey) and deprojected (blue) spectra with
metallicity fixed at 0.5 Z. For clarity, dark blue points represent
S0 galaxies in our sample, while the profile of the spiral galaxy
NGC 1961 is plotted in light blue. The effective radius (see Table
1) is represented by the black dotted line in each panel.
To test whether the results are affected by the instru-
mental PSF, we performed an equivalent analysis using
Chandra data of NGC 4526 (following the analysis proce-
dures of Lakhchaura et al. 2018), the object with the steep-
est X-ray brightness profile in our sample. The widths of the
analysed annuli are at least 30 times larger than the angular
resolution of Chandra. The obtained results agree with those
presented in this work and therefore we expect the XMM-
Newton PSF to have a negligible effect on our findings.
3.2.2 Entropy
A key physical quantity describing the thermodynamic
states of hot galactic atmospheres is entropy. We adopt here
its definition customary in this field and refer to the entropy
index K defined below as the entropy hereafter,
K ≡ kBTn−2/3e . (4)
This definition relates to the thermodynamic entropy per
particle, s, of non-interacting monoatomic particles as ∆s =
3/2kB lnK. A gravitationally stratified atmosphere in hy-
drostatic equilibrium should have an entropy profile rising
monotonically with radius, while a flat or decreasing trend
would indicate a convectively unstable environment.
The entropy distribution for all analysed galaxies is
plotted in Fig. 4, separately. For a clearer comparison with
elliptical galaxies, the entropy profiles of S0s are plotted in
Fig. 5 together with the results obtained for a sample of
49 giant ellipticals presented by Lakhchaura et al. (2018).
In general, the central entropy of the lenticulars lies above
the values observed in most of the slow-rotating elliptical
galaxies.
Purely gravitational heating would result in an entropy
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Table 4. X-ray ellipticity (εX), position angle (PAX), parameter β and core radius (r0) determined from β-model fitting and their optical
counterparts, ε? and PA?, from Krajnovic´ et al. (2011) and Jarrett et al. (2003) in the case of NGC 1961, for which the uncertainty has
not been published.
NGC εX ε? PAX [deg] PA? [deg] β r0 [pc]
3607 0.144 ± 0.011 0.13 ± 0.08 119.7 ± 2.3 124.8 ± 7.6 0.440 ± 0.007 35 ± 2
3665 0.175 ± 0.005 0.22 ± 0.01 29.0 ± 1.0 30.9 ± 2.0 0.643 ± 0.008 142 ± 3
4382 0.110 ± 0.006 0.25 ± 0.07 29.8 ± 1.7 12.3 ± 11.0 0.349 ± 0.004 31 ± 2
4459 0.060 ± 0.016 0.21 ± 0.03 134.1 ± 7.8 105.3 ± 1.9 0.79 ± 0.06 58 ± 4
4526 0.218 ± 0.005 0.76 ± 0.05 116.8 ± 0.7 113.7 ± 1.2 1.00 ± 0.02 129 ± 3
5353 0.253 ± 0.004 0.48 ± 0.04 136.6 ± 0.6 140.4 ± 4.9 0.86 ± 0.01 157 ± 3
1961 0.161 ± 0.009 0.330 100.8 ± 1.8 92.0 ± 2.0 0.46 ± 0.01 63 ± 3
Table 5. Total X-ray gas luminosities, emission-weighted tem-
peratures, and gas masses. Where a single temperature model did
not provide a good fit, a multi-temperature model with a gaus-
sian emission measure distribution was used and the best-fitting
value of the parameter σTX is presented. In the last column, the
radius within which the spectra were extracted is given.
object LX kBTX σTX MX Rmax
NGC 1040 erg s−1 keV keV 109 M kpc
3607 1.74 0.411+0.025−0.009 − 1.52+0.07−0.17 21.8
3665 2.30 0.312+0.006−0.006 − 1.09+0.07−0.07 19.1
4382 7.97 0.316+0.025−0.024 0.012
+0.017
−0.012 5.26
+0.10
−0.10 36.1
4459 0.31 0.390+0.041−0.014 − 0.12+0.02−0.02 9.3
4526 0.71 0.260+0.013−0.019 − 0.15+0.03−0.02 8.5
5353 4.21 0.651+0.020−0.020 0.225
+0.042
−0.046 0.49
+0.03
−0.03 11.7
1961 4.79 0.298+0.030−0.082 0.202
+0.082
−0.053 6.01
+0.49
−0.46 25.8
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Figure 4. Entropy profiles (see equation 4) derived from depro-
jected spectra.
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Figure 5. Entropy profiles of the rotationally supported galaxies
in this study (solid lines), NGC 7049, an S0 from previous work
(Jura´nˇova´ et al. 2019, black dotted line) and a sample elliptical
galaxies distinguished by the extent of cool gas of Lakhchaura
et al. (2018). For the ellipticals, lines signify median profiles and
surrounding shaded regions the median absolute deviations.
profile given by K ∝ r1.1, which is usually not observed
due to the heating by the AGN and supernovae that cen-
trally increase the gas entropy, flattening the profiles to
K ∝ r0.67 (Panagoulia et al. 2014; Babyk et al. 2018). To
quantify the amount of flattening in rotating atmospheres,
we fitted the average entropy profiles of all S0 galaxies in
our sample with a power-law model, together with the fast-
rotating spiral NGC 1961 and also including the galaxies
NGC 4477 (Li et al. 2018), NGC 7049 (Jura´nˇova´ et al.
2019), and NGC 6868 (Werner et al. 2014; Lakhchaura
et al. 2018), which show discs of warm/cold gas indicative
of rotational support. The resulting average power-law in-
dex Γ = 0.46 ± 0.05 and the corresponding best fitting curve
is plotted together with the data in Fig. 6. The scatter is,
however, large and the flattest entropy profiles are observed
in NGC 1961 and NGC 4382, with slopes of Γ = 0.24 ± 0.05
and Γ = 0.3 ± 0.1, respectively. After excluding these two
galaxies and the last two data points of NGC 6868 the aver-
age entropy profile becomes Γ = 0.64 ± 0.06, consistent with
Babyk et al. (2018).
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Figure 6. Entropy profiles of rotationally supported galaxies in
this study together with profiles of NGC 4477 (Li et al. 2018),
NGC 7049 (Jura´nˇova´ et al. 2019), and NGC 6868 (Werner et al.
2014; Lakhchaura et al. 2018). The black line represents a best-
fitting power law model determined from a fit of all plotted data
points. The grey dashed line illustrates the profile usually ob-
served in X-ray atmospheres (see the text for more detailed dis-
cussion).
3.3 Thermal stability
Higher central entropy suggests recent heating and gas ex-
pulsion. AGN activity has been confirmed in NGC 3665 and
Chandra observations show an X-ray point source in the
centre of NGC 3607, NGC 3665, NGC 4459, and NGC 4526.
Therefore, to address the thermal stability of the gas, we
computed cooling time profiles, which are shown in Fig. A2
in the Appendix. We computed tcool as
tcool =
3
2
(ne + ni)kBT
neniΛ(T, Z) , (5)
where the electron and ion densities are denoted as ne and
ni, respectively, and Λ(T) stands for the cooling function.
In addition to cooling time alone, profiles of cooling time to
free-fall time ratio were derived from the observed thermody-
namic properties. The free-fall time was computed under the
assumption of hydrostatic equilibrium, using gravitational
acceleration
g = − 1
ρ
dp
dr
= − 1
nmHµ
dp
dr
, (6)
where µ is the mean atomic weight, µ = 0.62, and mH is the
mass of a hydrogen atom. The particle number density was
calculated as n = 1.92 ne, where the electron number density,
ne, was obtained directly from the spectrum normalisation.
The values of the pressure (p = nkBT) gradient were deter-
mined from a fit by a β-profile or a power-law, when required
by the shape of the pressure profile. The resulting values are
presented in Fig. 7 for all eight studied objects and sepa-
rately in the Appendix, Fig. A3. The value of tcool/tff = 10
is visualised through a dashed grey line and is exceeded at
all radii. Despite the confirmed presence of cold gas, the val-
ues of tcool/tff at small radii correspond to values observed
in cool gas free galaxies (e.g., Voit et al. 2015; Hogan et al.
2017).
1 10
r [kpc]
10
100
t c
oo
l/t
ff
NGC 1961
NGC 3607
NGC 3665
NGC 4382
NGC 4459
NGC 4526
NGC 5353
Figure 7. Ratio of cooling time to free-fall time for all studied
galaxies. The value tcool/tff ≈ 10 (see section 3.3) is visualised as a
dashed grey line.
We also inspected the thermal stability of the hot gas
using a parameter that compares the cooling time with a
timescale related to turbulent motions in the gas. It has been
proposed that when these two timescales become compara-
ble, the physical conditions in the hot atmosphere should
favour development of multiphase gas. We compute this
quantity, the so-called C-ratio, as C ≡ tcool/teddy (see section
5.2. in Gaspari et al. 2018), where
teddy = 2pi
r2/3L1/3
σv,L
(7)
and where σv,L is the gas velocity dispersion at injection
scale L (typically 5-10 kpc). According to Gaspari et al.
(2018), this distance can be estimated as a diameter of the
cold/warm phase, and the corresponding σv,L can be ob-
tained by extrapolating the measured σv of the cold gas.
For the galaxies in our sample, the velocity dispersions in the
cold gas have not been published. Nevertheless, to have at
least an estimate of this condensation parameter, we adopt
the value of the velocity dispersion measured in NGC 7049,
σv,L = 36 km s−1 (Jura´nˇova´ et al. 2019). The results com-
puted for S0 galaxies with discs of cold gas are plotted in
Fig. 8 and show that the conditions in these hot atmospheres
are favourable for condensation from the hot phase. We note
that the multiphase condensation is expected to occur along
helical orbits settling onto a disc where the gas rotational
speed exceeds the gas velocity dispersion, i.e. turbulent Tay-
lor number Tat > 1 (Gaspari et al. 2015). Conversely, and
typically within the inner kpc region (see NGC 7049; Ju-
ra´nˇova´ et al. 2019), we expect Tat < 1 and thus a more
chaotic cold accretion rain. Forthcoming high-resolution op-
tical and radio observations of warm and cold gas (e.g. via
MUSE and ALMA) will be key to unveil the detailed top-
down multiphase condensation kinematics.
4 DISCUSSION
4.1 Hot gas morphology and mass
The projected flattening of the hot atmospheres has been
found to be similar to or smaller than that of the stellar
component in all studied objects (see Table 4), in agreement
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Figure 8. The C-ratio (see section 3.3) of S0 galaxies possessing
cold gas. The grey region represents the 1σ confidence region
(from hydrodynamical simulations; Gaspari et al. 2018) where
conditions for the development of multiphase condensations are
expected to be favourable.
with the hydrodynamical simulations of e.g., Brighenti et al.
(2009); Negri et al. (2014b); Gaspari et al. (2015). The ellip-
ticity has been measured using background and point source
subtracted X-ray images, which are, however, contaminated
by the X-ray emission of unresolved stellar sources, poten-
tially contributing to the observed flattening. However, given
that the X-ray emission in the 0.3 − 2.0 keV band is domi-
nated by the gaseous atmosphere, the ellipticity is primarily
due to the distribution of the diffuse gas. The principal axes
of the ellipsoidal isophotes fitted to the X-ray and optical
emission are aligned within the measured uncertainties. This
result is consistent with ordered rotation of the X-ray atmo-
sphere in a generally rounder total gravitational potential.
We note that, however, a similar effect would also be ex-
pected for non-rotating gas in a gravitational potential that
is flattened due to rotation.
The assumption of spherical symmetry in the subse-
quent analysis is not expected to affect our results signifi-
cantly. The ellipticity of the X-ray atmospheres is low and
the logarithmic scale in Fig. 2 strongly emphasizes features
deviating from the azimuthal symmetry of the atmospheres.
The amount of observed hot gas in S0 galaxies, which
has been derived from deprojected densities out to 2 −
6 Re, varies from 108 to 5 × 109 M. Several authors (e.g.,
Brighenti et al. 2009; Negri et al. 2014b; Gaspari et al. 2015)
have shown that the hot atmospheres of rotationally sup-
ported galaxies have smaller hot gas content, lower emission-
weighted temperatures and thus lower X-ray luminosities.
The largest amount of atmospheric gas has been found in
NGC 1961 and NGC 4382, and is comparable to the hot gas
content in slow-rotating giant ellipticals (Werner et al. 2012;
Babyk et al. 2019).
4.2 Thermodynamic properties
4.2.1 Temperature
Radial azimuthally averaged profiles reveal that the hot gas
temperature is systemically lower in the S0 galaxies than
in giant ellipticals (see e.g. Lakhchaura et al. 2018). This is
an expected outcome, as the virial temperature of less mas-
sive S0 galaxies is lower and the ordered stellar motion in
rotating systems leads to less effective heating of the gas
ejected in stellar mass loss. The radially decreasing temper-
ature profile of NGC 1961 suggests central heating, which
can be provided by adiabatic heating, the AGN or by super-
novae, exploding relatively frequently due to the star forma-
tion of ∼ 10 M yr−1.
A negative temperature gradient is observable also in
NGC 4382. The energy input via type Ia SNe can be esti-
mated from their expected rate, which for a galaxy of this
stellar mass (M? = 4 × 1011 M; Gallo et al. 2010) and SFR
(see Table 2) corresponds to approximately 0.02 yr−1 using
a relation from Sullivan et al. (2006), or 0.01 yr−1, when
derived from the B-band luminosity (Pellegrini 2012). As-
suming a kinetic energy of ESNIa ≈ 1051 erg per supernova,
this rate corresponds to a time-averaged energy injection of
6 × 1041 erg s−1 or 3 × 1041 erg s−1, respectively. Such heat-
ing would be sufficient to compensate for the energy losses
of the hot gas if the efficiency of SN heating was at least
∼ 12 % or ∼ 27 %, respectively. An additional contribution
of the merger event that led to the creation of shells is ex-
pected to be of lesser importance. According to cosmological
numerical simulations analysed by Pop et al. (2018), the ini-
tial interaction of the progenitors occurred 4−8 Gyr ago and
most of the stars were stripped ∼ 2 Gyr ago, while the central
cooling time measured in NGC 4382 is tcool ≈ 0.5 Gyr.
4.2.2 Entropy
The central entropy in most of the studied S0 galaxies is
above that of elliptical galaxies, indicating the presence of a
centrally positioned heating mechanism. The low star forma-
tion rate suggests that energy injection via winds of young
stars and core-collapse supernovae is most likely incapable of
providing the required energy. A plausible source of energy
could be the central AGN or type Ia supernovae.
The average radial entropy distribution of the rotating
galaxies in our sample shown in Fig. 6 appears to be shal-
lower than the entropy profiles in galaxy clusters and slow-
rotating giant ellipticals. The power-law index of the average
radial profile is Γ = 0.46± 0.05. The scatter in the profiles is,
however, large and the dominant heating mechanism might
differ from galaxy to galaxy. The flattest entropy profiles are
observed in NGC 4382 (Γ = 0.3± 0.1) and the massive spiral
galaxy NGC 1961 (Γ = 0.24 ± 0.05). The entropy profiles for
the rest of the sample have an index Γ = 0.64 ± 0.06, con-
sistent with the results of Babyk et al. (2018). However, the
central entropy for all systems in our sample appears higher
than the typical values measured in slow rotating giant el-
lipticals (Lakhchaura et al. 2018).
The relatively flat entropy profiles are consistent with
the presence of outflows in the rotationally supported atmo-
spheres. As the outflows redistribute the gas from the central
region towards the outskirts, reducing the central gas-mass
fraction, the entropy profiles will become shallower. This
can be achieved more easily if rotation lowers the effective
binding energy (albeit anisotropically) and thus facilitates
matter ejection from the core regions.
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4.3 Thermal stability
The central cooling times do not exceed ∼ 0.5 Gyr and re-
main as low as ∼ 1 Gyr out to 10 kpc in all investigated
galaxies, confirming that feedback is necessary to stabilise
these hot atmospheres. The observed cooling times at 10 kpc
are consistent with the findings of Babyk et al. (2019). These
results, along with direct traces of AGN activity in several
objects in our sample, raise the question of thermal stability
of the hot gas.
The calculations of the C-ratio (Gaspari et al. 2018)
shown in Fig. 8 suggest that turbulence could, in princi-
ple, be capable of generating density fluctuations prone to
cooling. This conclusion depends on our assumption of the
velocity dispersion, as the teddy scales with σ−1v,L . Velocity dis-
persions have been estimated from resonant scattering and
line broadening by Ogorzalek et al. (2017) in several ellip-
tical galaxies using spectra from the XMM-Newton Reflec-
tion Grating Spectrometer. The average best-fitting 3D σv
is approximately 190 km s−1 (however, none of the galaxies
studied by Ogorzalek et al. 2017, is a fast rotator).
Rotational support has a radical effect on the thermal
stability of the hot gas. In a spherical system, with no rota-
tion, the negative buoyancy of a cool gas clump causes it to
fall inward towards the place where it is neutrally buoyant.
At that location, the mean heating rate matches the cooling
rate, so it is in thermal balance. Even if the heating from
a central AGN is anisotropic, the tendency for the gas to
find the place where it is neutrally buoyant will cause gas
that is overheated to move outward and be replaced by in-
flowing gas that has previously been underheated, bringing
that gas closer to the AGN, where the heating is greater,
potentially driving large scale circulation. As a result, it is
relatively difficult for thermal instability to grow, whenever
tcool significantly exceeds tff (i.e. TI-ratio  1).
This may change when there is appreciable rotational
support. A gas clump will generally not have the same den-
sity as the ambient gas at the place where it is dynamically
stable, so that it no longer naturally finds the place where
the ambient heating rate matches its cooling rate. Since the
gas distribution is no longer spherical, a spherically symmet-
ric heating rate cannot maintain thermal balance. Rotating
gas will tend to cool into a disc, rather than being fed into
the AGN. In the absence of significant stellar feedback, this
means that there is far more opportunity for the gas to cool
into a disc. Indeed, a more relevant condensation criterion in
this rotating scenario is the C-ratio. As shown in Fig. 8, this
is found to hover around C-ratio ∼ 1, which is the conden-
sation zone for direct turbulent condensation (Gaspari et al.
2018). This can occur independently of very high TI-ratios
(up to 100, as found here), with the formation of a multi-
phase disc or a chaotic cold accretion rain set by Tat > 1 or
< 1, respectively.
Interestingly, the two galaxies with the greatest gas
mass (NGC 1961 and NGC 4382) have the shallowest en-
tropy profiles and the greatest entropy levels in their cen-
tres. Assuming that the atmospheres of these galaxies are
close to hydrostatic equilibrium, their nearly isentropic pro-
files will be responsible for the observed pronounced central
temperature peaks.
The shallow entropy profiles are most likely the result of
strong central feedback activity. For stellar feedback, where
heating is dominated by core collapse supernovae, to oper-
ate, stars would need to have formed within the past cooling
time. However, as shown in Table 2, there is no evidence for
significant recent star-formation in the investigated galax-
ies. Once the feedback raises the central entropy level, the
heat input from SNIa can exceed the radiative cooling rate
within a radius of several kpc (Voit et al. 2015, 2020) and
the energy input of SN Ia from older stars (the SN Ia ac-
tivity is not part of any feedback loop) might even help to
drive galactic winds.
The cold gas reservoir could, in principle, also be re-
plenished by stellar ejecta. According to e.g. Voit & Don-
ahue (2011), the gas ejected from stars should heat up and
mix with the hot phase in systems with as low central den-
sity and star formation rate as in our investigated S0 galax-
ies. However, the presence of cold gas with PAH molecules
suggests a non-negligible role of winds of asymptotic giant
branch stars (AGB) in the cold gas production. A plausible
explanation has been recently presented by Li et al. (2019)
based on 3D hydrodynamical simulations. They suggest that
cooling from the hot phase could be induced in the mixing
layer of the dusty stellar wind and the surrounding hot gas,
leading to the preservation of these fragile particles.
5 CONCLUSIONS
We presented a study of the X-ray emitting atmospheres of
six lenticulars and one massive spiral galaxy to study the
effects of angular momentum on the properties of the hot
gas. We compare the measured thermodynamic properties
with a sample of ellipticals in which the rotational support
is negligible.
We find an alignment between the hot gas and the stel-
lar distribution, with the ellipticity of the X-ray emission
generally lower than that of the optical stellar emission,
consistent with theoretical predictions for rotationally sup-
ported hot atmospheres. Two galaxies in the investigated
sample, NGC 4382 and the massive spiral NGC 1961 have
remarkably flat entropy profiles with Γ ≈ 0.2 − 0.3, suggest-
ing the presence of outflows in the central regions of these
systems. These two galaxies also have significantly higher at-
mospheric gas masses than the other systems in our sample
and their gas content is similar to that observed in slow ro-
tating giant ellipticals (e.g. Werner et al. 2012; Babyk et al.
2019). The entropy profiles for the rest of the sample have
an index Γ = 0.64±0.06, consistent with the results of Babyk
et al. (2018). However, the central entropy for all systems in
our sample appears higher than the typical values measured
in slow rotating giant ellipticals (Lakhchaura et al. 2018).
Investigating the relation between hot atmospheres and
the observed cold gas phases, we present the derived dimen-
sionless parameters broadly adopted as being related to the
thermal stability of hot atmospheres. We obtain a ratio of
cooling time to free-fall time of tcool/tff & 10 for all objects.
We also estimate the ratio of the cooling and turbulent time-
scales and discuss the possibility that the discs of cold gas
present in these objects have condensed out from the hot
atmospheres.
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APPENDIX A: SUPPLEMENTARY MATERIAL
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Particle density profiles derived from deprojected
spectra.
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Figure A2. Cooling time profiles derived from deprojected spec-
tra.
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Table A1. List of observations for each galaxy and exposure times. In the second column, observation ID is given, for which the total
observation time ttot in MOS1, MOS2 and pn detectors is shown in columns 3, 4, and 5, respectively. The useful exposure time tnet that is
not contaminated by soft-proton flaring is given in the next 3 columns. The sum of the flaring-excluded exposure times in all instruments
together is given in the last column.
Object OBSID ttot [ks] tnet [ks] ∑ tnet [ks]
M1 M2 pn M1 M2 pn
NGC 1961 0673170101 31.5 31.5 30.4 21.5 23.5 11.3
0673170301 35.0 35.1 34.0 21.2 21.1 17.5
0723180101 21.8 21.8 20.8 19.8 19.6 15.9
0723180201 21.6 21.5 19.9 11.9 10.6 3.0
0723180301 23.9 23.8 22.7 16.3 18.1 9.3
0723180401 18.6 18.8 20.7 7.1 6.6 3.3
0723180601 25.6 25.5 23.9 9.1 9.8 7.0
0723180701 20.9 20.8 19.2 7.3 7.5 5.5
0723180801 14.7 14.6 19.0 13.6 13.6 9.7
0723180901 23.2 23.1 21.5 13.2 13.7 8.9 376.7
NGC 3607 0099030101 22.3 22.3 20.0 15.6 17.6 10.8
0693300101 44.4 44.4 43.8 31.3 35.3 19.8 130.4
NGC 3665 0052140201 40.6 40.6 36.3 27.8 29.6 20.3 77.6
NGC 4382 0201670101 33.5 33.5 33.2 18.8 18.8 14.4
0651910401 41.7 41.6 40.6 33.6 34.1 25.7
0651910501 41.2 41.3 40.2 29.9 29.6 24.1
0651910601 41.2 41.1 40.1 27.7 28.7 22.1
0651910701 36.5 36.5 34.9 28.3 28.3 24.2 388.3
NGC 4459 0550540101 81.8 81.8 82.8 72.7 73.2 60.6
0550540201 20.4 20.4 18.8 18.8 18.8 15.1 259.1
NGC 4526 0205010201 25.9 25.9 26.0 22.0 21.9 17.7 61.6
NGC 5353 0041180401 22.3 22.3 20.0 21.3 21.1 16.8 59.1
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Figure A3. Ratio of cooling time to free-fall time. The value
tcool/tff = 10 is visualised as a dashed grey line.
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